Three kinds of microstructures with different grain boundary morphologies and their creep properties of a Ti-47Al-2Nb-2Mn+0.8 vol%TiB 2 alloy are investigated. Tensile creep tests and microstructural examinations indicate that a stabilized fine-grained fully lamellar (FGFL) microstructure with relatively smooth grain boundaries shows inferior creep resistance. A stabilized fully lamellar (FL) microstructure with well-interlocked grain boundaries and wider lamellar spacing yields reduced minimum strain rate and extended creep rupture life. Furthermore, a nearly lamellar microstructure (NL) with well-interlocked grain boundaries exhibits better creep resistance than the stabilized FGFL microstructure though it has four times wider lamellar spacing and 15 vol% equiaxed grains at the grain boundaries, but worse creep resistance than the stabilized FL microstructure. Examinations to the deformed microstructures show that grain boundary instability involving spheroidization of the lamellae is a major microstructural degradation process, resulting in fine globular regions at the grain boundaries. Voids develop along the grain boundaries, particularly in the fine globular regions, leading to intergranual fracture. It is suggested that grain boundary sliding (GBS) is operating in the stabilized FGFL microstructure, and promotes mutually with the grain boundary instability during subsequent creep deformation, resulting in increased minimum strain rate and shortened tertiary stage. The well-interlocked grain boundary inhibits the onset of GBS and enhances the grain boundary stability effectively. These results demonstrated that the grain boundary stability has a great effect on creep behavior of TiAl Alloys.
Introduction
Creep resistance of two-phase TiAl alloys is of great importance for high temperature structural applications in aerospace and automotive industries. The creep resistance of TiAl alloys strongly depends on their microstructures. 1) By controlling alloy composition, thermomechanical processing and subsequent heat treatment, three major types of microstructure can be generated as duplex, equiaxed and fully lamellar structures. 2, 3) Increasing the lamellar volume fraction from the duplex, through nearly lamellar to fully lamellar structures by heat treatments decreases minimum creep rate such that the fully lamellar structure has the lowest creep strain rate. 4) Many works have been carried out to study the effect of microstructural parameters of the fully lamellar alloys, such as lamellar spacing, volume fraction of constituent phases and lamellar grain size, on creep properties. [5] [6] [7] [8] [9] [10] It has been found that the creep rate of TiAl alloys is independent of grain size when it is greater than 100 mm, and grain size can be reduced to 100 mm without loosing creep resistance. 5) Also, the creep rate of TiAl alloys is insensitive to the volume fraction of constituent phases. 5) However, decreasing lamellar spacing greatly improves the creep resistance, suggesting lamellar refinement as an important way to improve the creep resistance. [6] [7] [8] The stability of lamellar structure of TiAl alloys is greatly important to improve the creep resistance, 11) and the microstructural instability can cause a reduction in strength and creep resistance by as much as 20%. 12) Therefore, many studies have been focused on the thermal stability of the lamellar structure recently. [12] [13] [14] [15] [16] [17] [18] It has been found that the thermal instability is mainly decomposition of 2 phase because the volume fraction as well as the composition of constituting phases does not reach equilibrium prior to creep test. 12, 14) Thus, stabilization treatment prior to creep test has been carried out to improve the microstructural stability. 12) Another important microstructure factor to influence the creep resistance is the morphology of the grain (or colony) boundary. However, limited work has been carried out to study the effect of the grain boundary morphology on the creep resistance of TiAl alloys, particularly the fine-grained TiAl alloys. The role of the grain boundary morphology during creep deformation is less understood. Nevertheless, lamellar grain boundaries are susceptible to cracking and cavity formation during creep. 19) Interlocked lamellar grain boundaries have been suggested to enhance the resistance to intergranular cracking, leading to increased tertiary creep strength and potentially greater creep life. 8, 20) In this study, different grain boundary morphologies in a Ti-47Al-2Nb-2Mn+0.8 vol%TiB 2 alloy (47XD) were prepared by appropriate heat treatments, and their effects on creep of TiAl alloys were discussed.
Experimental Procedure
Investment cast bars with a nominal composition of Ti47Al-2Nb-2Mn+0.8 vol%TiB 2 (at.%) (47XD) were supplied by Howmet Corporation. In order to eliminate casting porosity, the cast bars were hot isostatically pressed (HIP'ed) at 1260 C and 175 MPa for 4 hours prior to the following heat treatments. In order to produce different microstructures, three heat treatment conditions were selected. The first group of samples was solution treated at 1400 C for 2 hours followed by oil quench (1400 C/2 h/OQ) to form fine lamellar structure, and then was stabilized at 800 C in the 2 þ dual phase field for 24 hours and gas cooled (800 C/ 24 h/GC). The second group of samples was solution treated at 1400 C for 0.5 hours and air-cooled (1400 C/0.5 h/AC), and was stabilized subsequently at 1000 C for 8 hours and gas cooled (1000 C/8 h/GC). The third group of samples was heat treated at 1010 C ( 2 þ dual phase field) for 50 hours and then air-cooled (1010 C/50 h/AC). For all heat treatment procedures, the samples were wrapped in Ta foil and sealed in quartz tubes, evacuated and back-filled with Ar to about 3 Â 10 4 Pa. Creep samples were machined by low stress grinding to a straight gauge length of 22 mm and a diameter of 4 mm. Creep tests were carried out in tension in air at 760 C at a constant load that produced an initial engineering stress of 207 MPa. The nominal creep strain in the specimen was measured with an LVDT equipped extensometer attached to grooves in the sample shoulders, providing a strain measurement resolution of AE1:5 Â 10 À5 . Two creep samples were tested for each microstructural condition.
For microstructural examination, samples were polished electrolytically in a solution of 64% methanol+31% butanol+5% perchloric acid at À25 C and then etched in a second solution of 24 ml H 2 O+50 ml glycerol+24 ml HNO 3 +2 ml HF. For scanning electron microscopy-back scattered electron (SEM-BSE) examination, the electropolished samples were examined in a Philips XL30S SEM at 20 kV. For transmission electron microscopy (TEM) examination, foils were prepared at À45
C by twin-jet polishing in an electrolyte similar to the one described above. TEM analyses were carried out on a JEOL EX 200 microscope operating at 200 kV.
Results

Heat treated microstructures
The microstructures after heat treatments are depicted in Fig. 1 , and the corresponding microstructural parameters are summarized in Table 1 . The solution treatment in the single-phase field, followed by oil quench (1400 C/2 h/OQ) or air cooling (1400 C/0.5 h/AC), produced a fine-grained fully lamellar (FGFL) microstructure or a fully lamellar (FL) microstructure, respectively. 21) After the stabilization treatments, some fine equiaxed grains formed at the grain boundaries (Figs. 1(a) and (c)) in the FGFL and FL microstructures, and the corresponding microstructures after the stabilization treatments are noted as stabilized FGFL and stabilized FL microstructures, respectively. However, the 1010 C/50 h/AC heat treatment produced a nearly lamellar (NL) microstructure, see Fig. 1 (e), there are more equiaxed grains (about 15 vol%) at the grain boundaries as compared to the stabilized FGFL and stabilized FL microstructures ( Table 1) . As can be seen in Fig. 1 , it is remarkable that the grain (or colony) boundary morphologies are very different among the three lamellar microstructures. The grain boundary in the stabilized FL microstructure is well interlocked (Fig. 1(c) ), whereas that in the stabilized FGFL microstructure is relatively smooth and consists of a mixture of interlocked and planar boundaries ( Fig. 1(a) ). The interlocking morphology is caused by incursions of lamellae into the neighboring grain. Moreover, the lamellar incursions for the interlocked grain boundaries in the stabilized FGFL microstructure are much finer and shorter in comparison with those in the stabilized FL microstructure (see arrows in Figs. 1(a), (c) ). The grain boundary in the NL microstructure is also well interlocked though there are many equiaxed grains surrounded by neighboring grain boundaries ( Fig. 1(e) ), and the lamellar incursions are much coarser.
On the other hand, the stabilized FGFL microstructure is finer than the stabilized FL microstructure due to a higher cooling rate associated with the oil quench (Fig. 1) . For example, the lamellar grain size ranges from 50 to 200 mm for the stabilized FGFL microstructure, and 100 to 250 mm for the stabilized FL microstructure. Also, the lamellar spacing in the stabilized FGFL microstructure is 100 nm, which is narrower than that in the stabilized FL microstructure, 170 nm (Table 1 ). The 2 volume fraction for the stabilized FGFL and stabilized FL microstructures are 5.2% and 5.8%, respectively. In contrast, the NL microstructure exhibits similar lamellar grain size but much coarser lamellar spacing, as four times as that in the stabilized FGFL microstructure, and lower 2 volume fraction (less than 5%). In addition, there are needle-like and round-like particles distributed homogeneously in the three microstructures (Figs. 1(a) , 1(c), 1(e)), which were earlier identified as TiB and TiB 2 , respectively.
22)
Creep behavior
Creep results for the three microstructures are present in Fig. 2 and Table 2 . The tertiary creep strain and time given in Table 2 were estimated from the plots of creep strain rate versus creep time and the plots of creep strain rate versus creep strain. It can be observed from Fig. 2 that all the creep curves have the same basic shape, exhibiting a primary creep stage, followed by a brief steady-state creep regime, and an extended tertiary creep regime until rupture. It is evident that the stabilized FL microstructure exhibits much better creep resistance than the stabilized FGFL microstructure. For example, the minimum creep rate and creep life in the stabilized FL sample are 1:0 Â 10 À4 h À1 and 585.0 h, respectively. The corresponding values for the stabilized FGFL sample are 1:8 Â 10 À4 h À1 and 342.7 h, respectively. Furthermore, the NL microstructure has better creep resistance indicated by lower minimum creep rate and longer creep life in comparison with the stabilized FGFL microstructure. However, compared with the stabilized FL microstructure, the creep life is shorter and the minimum creep rate is a little higher for the NL microstructure. It is also noted that the extent of tertiary creep is greatly extended for the NL and stabilized FL microstructures as compared to the stabilized FGFL microstructure, indicated by much longer tertiary time. In addition, the tertiary strain for the NL microstructure is much larger (Table 2 ).
Deformation microstructures
A creep test of the stabilized FGFL sample was interrupted to investigate the deformed microstructure in tertiary stage, as shown in Fig. 3 . Compared to the heat-treated microstructure, more equiaxed grains and breakup of the lamellar structure present at the grain boundaries, indicating that spheroidization of lamellae occur near the grain boundaries during creep deformation as reported in some published papers. 9, 18, 21, 23) A lamellar fragmentation process associated with localized shear deformation and dynamic recrystallization were reported to be responsible for the deformation-induced spheroidization. 18, 23) Spheroidization of the lamellae is a major microstructural degradation process during creep deformation, 18) leading to the formation of fine globular regions at the grain boundaries (Fig. 3) .
The microstructures along longitudinal cross sections of creep ruptured specimens for the three microstructures are shown in Fig. 4 . As deformation proceeds, the fine globular regions at the grain boundaries become broader due to proceeding of spheroidization of the lamellae (Fig. 4(a) ). However, it should be noted that the extent of microstructural degradation for the different microstructures is very different after creep deformation. The fine globular regions are much broader in the stabilized FGFL microstructure that take an area fraction of more than 20%, while the fine globular region is very small at the well-interlocked grain boundaries in the stabilized FL microstructure (Fig. 4(b) ). It is also noted that the lamellae are severely distorted in the stabilized FL microstructure and the NL microstructure, whereas the grains exhibit minimal deformation in the stabilized FGFL microstructure. Furthermore, voids have also nucleated and propagated along the grain boundaries, particularly in regions where spheroidization of the lamellae occurs, leading to intergranular cracking.
Discussion
The microstructure evolution during creep deformation for the FGFL TiAl alloys is schematically illustrated in Fig. 5 . In the early stages, creep deformation is governed by intra- granular deformation as suggested in Ref. 24 . However, the finer and shorter lamellar incursions in the stabilized FGFL microstructure are easily broken up due to the primary deformation. As a result, the relatively smooth grain boundaries become much smoother (Fig. 5(b) ). Moreover, the size of some grains in the stabilized FGFL microstructure is very fine and below 100 mm. Therefore, it can be postulated that grain boundary sliding (GBS) is operating in local grains, which have small grain size and smooth grain boundaries, leading to an increase in creep strain rate. In addition, GBS causes stress concentration at the grain boundaries, 25) accelerating the degradation of the stabilized FGFL microstructure. Microstructural degradation at the grain boundaries involving spheroidization of the lamellae further enhances GBS due to refining of the lamellar structure. Therefore, during creep deformation of the fine-grained TiAl alloys microstructure degradation and GBS promote mutually, and eventually form a fine globular structure along the grain boundaries as Fig. 3 and Fig. 5(c) . Extensive local deformation is believed to take place in these regions of fine globular structures, and thus increases the strain rate.
2) The deformation mode becomes predominantly intergranular, resulting in the formation and coalescence of creep voids at the grain boundaries ( Fig. 5(d) ), ultimately leading to fracture.
As mentioned earlier, the stabilized FL microstructure exhibits much better creep resistance in comparison with the stabilized FGFL microstructure. For example, the creep life for the stabilized FL microstructure is increased by 71% and the minimum creep rate is reduced by 44% (Fig. 2 and Table 2 ). However, the stabilized FL microstructure has wider lamellar spacing, more equiaxed grains and wellinterlocked grain boundaries. From previous studies, it is known that equiaxed grains at the grain boundaries and wide lamellar spacing are detrimental to the creep resistance. 4, 5) Therefore, it is postulated that much better creep resistance for the stabilized FL microstructure benefits from its good grain boundary stability. The well-interlocked grain boundaries inhibit GBS effectively by lamellar incursions and reduce microstructural degradation at the grain boundaries greatly. The intragranular deformation within lamellar grains is main deformation mode, which is supported by severely distorted lamellae near the grain boundaries (Fig. 4(b) ). Without GBS, the minimum creep rate can reach to a lower value in the stabilized FL microstructure. Moreover, the well-interlocked grain boundaries can also provide resistance to intergranular crack propagation, 8) resulting in the extended tertiary stage.
Although there are many equiaxed grains (15 vol%) at the grain boundaries in the NL microstructure, the bridging ligaments of the well-interlocked grain boundaries ( Fig. 1(e) ) would prevent deformation of the pre-existing equiaxed grains surrounded by the grain boundaries in the primary stage. Also, the well-interlocked grain boundaries inhibit GBS and microstructural degradation at the grain boundaries, leading to lower creep rate and extended tertiary stage as compared to the stabilized FGFL microstructure. However, wider lamellar spacing and dynamic recrystalization of the pre-existing equiaxed grains occurred as the lamellar incursions become distorted, resulting in an increase of strain rate and a larger rupture strain as compared to the stabilized FL microstructure. Therefore, good stability of grain boundaries is an important factor to improve the creep resistance of TiAl alloys.
Conclusions
During creep deformation of 47XD TiAl alloys, grain boundary instability involving spheroidization of the lamellae is a major microstructural degradation process, resulting in fine globular regions at the grain boundaries. GBS is thought to accelerate the grain boundary instability, while the grain boundary instability enhances GBS during subsequent creep deformation. Well-interlocked grain boundaries inhibit the onset of GBS effectively, and thus reduce microstructural degradation at the grain boundaries greatly. As a result, although wider lamellar spacing and equiaxed grains are detrimental to the creep resistance, the stabilized FL microstructure has 44% reduction in the minimum creep rate and 71% increase in the creep life in comparison with the stabilized FGFL microstructure with smooth grain boundaries. Even the NL microstructure, whose grain boundaries are well interlocked, exhibits better creep resistance too. Thus, grain boundary stability has a great effect on the creep resistance of TiAl alloys.
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